The efficient and mild copper-catalyzed synthesis of unsymmetrical diorganyl chalcogenides under ligand-and solvent-free conditions is described. The cross-coupling reaction was performed using aryl boric acids and 0.5 equiv. of diorganyl dichalcogenides (Te/Se/S) in the presence of 3 mol % of CuI and 3 equiv. of DMSO, under microwave irradiation. This new protocol allowed the preparation of several unsymmetrical diorganyl chalcogenides in good to excellent yields.
Introduction
Transition metal-catalyzed coupling reactions are among the most commonly applied protocols for the preparation of various target molecules under mild conditions [1, 2] . In this regard, the construction of new carbon-carbon and carbon-heteroatom bonds have been described, notably through catalytic processes employing a metal as the catalyst [3] [4] [5] [6] [7] .
In addition, catalytic transformations have been widely applied in organochalcogen chemistry for the preparation of diorganyl-tellurides, -selenides and -sulfides, which are interesting target molecules and valuable synthetic intermediates for several transformations in modern organic synthesis [8] [9] [10] . Besides the synthetic applications, these types of molecules have shown relevant biological properties, such as antitumor, antioxidant, antiviral, antimicrobial and neuroprotective effects [11] [12] [13] [14] [15] [16] [17] [18] [19] . Organochalcogen compounds also have noteworthy applications in materials science [20] [21] [22] .
Due to their considerable importance, the development of new and greener methods for the preparation of organochalcogenides (S, Se and Te) has been widely investigated by several research groups, and a number of methodologies have been reported [23] [24] [25] [26] [27] [28] [29] [30] . The most common procedures described for the preparation of alkyl/aryl chalcogenides involve: (a) the reaction between alkyl/aryl reaction of halides with chalcogenols or diorganyl dichalcogenides in the presence of a base or reducing agents [35] [36] [37] ; and (c) synthesis through the C-H activation of arenes [38] [39] [40] [41] .
On the other hand, organoboronic acids have been used as suitable reagents for various crosscoupling reactions since they are stable, readily available and compatible with different functional groups. They can also be employed in the boron-to-metal exchange reaction using a catalytic amount of metal [42] [43] [44] . Thus, organoboronic acids have become interesting and appropriate alternative compounds for the preparation of symmetrical and unsymmetrical diaryl organochalcogenides via cross-coupling transformations.
In this regard, Wang and Tanigushi, independently reported the preparation of diorganyl chalcogenides from organoboronic acids and diorganyl dichalcogenides using copper as a catalyst, in the presence of a ligand and solvent [45, 46] . Since their reports, modern studies have been described to improve this kind of transformation. In particular, metals have been efficiently applied as catalysts for the cross-coupling of diorganyl chalcogenides with boronic acids, for instance, employing indium [47] , iron [48] , copper [49] [50] [51] [52] [53] [54] [55] and silver [56] .
However, most of these procedures have their particular drawbacks, such as the use of ligands, reducing agents, air sensitivity, long reaction time, and/or the use of toxic solvents. In addition, some of these methods are not applicable for the synthesis of unsymmetrical organotellurides, which are also very important from the synthetic point of view.
Alternatively, we have recently reported suitable methods for the synthesis of unsymmetrical chalcogenides, using the iodine/DMSO system under microwave irradiation to generate, in situ, electrophilic species of chalcogenyl iodide (RYI) [57] . Similarly, Park and coworkers reported an ultrasound-assisted synthesis of diaryl ditellurides [58] . Nonetheless, the development of new methodologies employing boronic acids and dichalcogenides as starting materials, associated with metal catalysis instead of use RYI species, is still highly desirable. Furthermore, the use of diorganyl dichalcogenides avoids the use of toxic RXH compounds (X = Te, Se, S).
Thus, in connection with our continuing interest in designing and developing eco-friendly processes and cross-coupling reactions, [59] [60] [61] [62] [63] [64] , herein we describe a straightforward method for the synthesis of unsymmetrical diorganyl-chalcogenides (S, Se and Te) through the reaction of boronic acids and half equiv. of diorganyl dichalcogenides, employing CuI as a catalyst, under solvent-and ligand-free conditions (Scheme 1). Scheme 1. Solvent-and ligand-free synthesis of unsymmetrical diorganyl chalcogenides catalyzed by CuI.
Results and Discussion
In order to optimize the reaction conditions, diphenyl ditelluride (1a) and 4-methoxyphenyl boronic acid (2a) were used as model substrates (Table 1) . Firstly, we evaluated the catalyst loading in the reaction system (entries 1-4). When the reaction was carried out with 1.0 mol % of catalyst the desired product was obtained with only 43% yield (entry 1). However, on increasing the catalyst to 2.0 mol %, the yield of the reaction increased to 71% (entry 2). Notably, when the amount of CuI was increased to 3.0 mol % the corresponding product 3a was achieved with 90% yield (entry 3). No change in the yield was observed when the catalyst loading was increased to 4.0 mol % (entry 4).
Next, we investigated the influence of the copper source on the reaction system (entries 5-10). In general, copper halides showed better catalytic activity. For instance, when we employed CuCl2 and CuO under the same reaction conditions, the desired organotelluride was synthesized in yields of 72 and 61%, respectively (entries 7 vs. 9). Furthermore, CuO nanoparticles were less effective than copper iodide, affording the desired product in lower yield (entry 10). Considering our previous work [57] , when 3% molecular iodine was used as catalyst, 3a was obtained in 69% yield (entry 11). 
Next, we investigated the influence of the copper source on the reaction system (entries 5-10). In general, copper halides showed better catalytic activity. For instance, when we employed CuCl 2 and CuO under the same reaction conditions, the desired organotelluride was synthesized in yields of 72 and 61%, respectively (entries 7 vs. 9). Furthermore, CuO nanoparticles were less effective than copper iodide, affording the desired product in lower yield (entry 10). Considering our previous work [57] , when 3% molecular iodine was used as catalyst, 3a was obtained in 69% yield (entry 11). The reaction in the absence of catalyst provided 3a in only trace amounts, which emphasizes the notable activity of CuI in this kind of transformation (entry 12). The reaction in the absence of catalyst provided 3a in only trace amounts, which emphasizes the notable activity of CuI in this kind of transformation (entry 12). With the best catalyst in hand, we investigated the influence of other reaction parameters (temperature, time and power) as well as the effect of the additive/oxidant ( Table 2) . In this regard, we initially evaluated the influence of a series of additives (CH3CN, 1,4-dioxane, EtOH, H2O and TBHP). Of these, DMSO was established as the best option, providing the desired product in very high yield in comparison with other additives (entry 1 vs. 2-6). Furthermore, a considerable decrease in the yield was observed when the reaction was carried out either in the absence of an additive or under inert atmosphere, highlighting the need for an oxidant medium for With the best catalyst in hand, we investigated the influence of other reaction parameters (temperature, time and power) as well as the effect of the additive/oxidant ( Table 2) . The reaction in the absence of catalyst provided 3a in only trace amounts, which emphasizes the notable activity of CuI in this kind of transformation (entry 12). With the best catalyst in hand, we investigated the influence of other reaction parameters (temperature, time and power) as well as the effect of the additive/oxidant (Table 2) . In this regard, we initially evaluated the influence of a series of additives (CH3CN, 1,4-dioxane, EtOH, H2O and TBHP). Of these, DMSO was established as the best option, providing the desired product in very high yield in comparison with other additives (entry 1 vs. 2-6). Furthermore, a considerable decrease in the yield was observed when the reaction was carried out either in the absence of an additive or under inert atmosphere, highlighting the need for an oxidant medium for In this regard, we initially evaluated the influence of a series of additives (CH 3 CN, 1,4-dioxane, EtOH, H 2 O and TBHP). Of these, DMSO was established as the best option, providing the desired product in very high yield in comparison with other additives (entry 1 vs. 2-6). Furthermore, a considerable decrease in the yield was observed when the reaction was carried out either in the absence of an additive or under inert atmosphere, highlighting the need for an oxidant medium for this cross-coupling transformation (entries 7 and 8). In relation to the loading of DMSO, it was observed that 3.0 equiv. was the best alternative, since no improvement in the yield was observed when the amount of this additive was modified (entries 9 and 10).
The influence of the reaction time and temperature was also evaluated (entries [11] [12] [13] [14] . The screening of these parameters revealed that 15 min and 100 • C were the most appropriate choice for this protocol, as seen in entry 1.
Finally, the effect of the radiation power of the microwave was investigated and increasing the power to 120 W did not change the reaction yield significantly (entry 15). However, when the level of power was decreased to 80 W the desired product 3a was delivered in lower yield (entry 16). In addition, we carried out the reaction under conventional heating and, even after a long reaction time, a decrease in the yield of the product 3a was observed (entry 17). This result indicates that microwave irradiation offers advantages over conventional heating, for this transformation.
Having determined the best reaction conditions, we explored the scope of our protocol by employing various diorganyl ditellurides 1 and arylboronic acids 2 (Scheme 2). Firstly, we evaluated the effect of different groups attached to the aryl ring of boronic acid (Scheme 2).
The electronic characteristics of the substituent of boronic acid attached to the aromatic ring (electron donor or acceptor) and its steric hindrance did not appear to affect the performance of the transformation, and the corresponding products 3a-e were obtained in very good yields. Also, 2-naphthylboronic acid reacted very well with diphenyl ditelluride (1a) under the optimized conditions, affording the corresponding product 3f in very good yield.
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Materials and Methods

General Information
1 H-and 13 C-NMR spectra were obtained at 200/50 MHz on an AC-200 NMR spectrometer (Bruker, Rheinstetten, Germany) or at 400/100 MHz on an AS-400 NMR spectrometer (Varian, Palo Alto, CA, USA). Spectra were recorded in CDCl3 solutions. Chemical shifts are reported in ppm, referenced to the solvent peak of CDCl3 or tetramethylsilane (TMS) as the external reference. Data are reported as follows: Chemical shift (δ), multiplicity, coupling constant (J) in hertz and integrated intensity. Abbreviations to denote the multiplicity of a particular signal are: s (singlet), d (doublet), t (triplet), q (quartet), quint (quintet), sext (sextet) and m (multiplet). The NMR spectra are found in the Supplementary Materials. The melting points were determined using a model MQRPF-301 digital apparatus (Microquimica, Palhoça, Brazil) equipped with a heating plate. Column chromatography was performed using silica gel (230-400 mesh). Thin layer chromatography (TLC) was performed using silica gel GF254 plates with 0.25 mm thickness (Merck, Darmstadt, Germany). For visualization, TLC plates were either placed under ultraviolet light or stained with iodine vapor and acidic vanillin. Most reactions were monitored by TLC for the disappearance of the starting material.
Unless otherwise stated, all reactions were carried out in an open atmosphere. All reagents and solvents were obtained from commercial sources and used without further purification. All reactions were performed in 10 mL sealed glass tubes in a commercially available monomode microwave reactor (CEM, Matthews, NC, USA) with IR monitoring and a non-invasive pressure transducer. Reagents and solvents were handled using standard syringe techniques. The yields are based on isolated compounds after purification.
General Procedure for the Synthesis of Unsymmetrical Organochalcogenides under MW Irradiation
A mixture of aryl boronic acid (0.5 mmol), dichalcogenide (0.25 mmol), CuI (3 mol %, 1.5 mg), and DMSO (3 equiv., 59 mg) was placed in a glass tube. The tube was sealed with a pressure lock and the mixture was heated in air at 100 °C for 15 min with the aid of an initial MW irradiation of 100 W in a CEM Discover MW reactor. When the reaction was finished, the crude mixture was cooled to room temperature, diluted with ethyl acetate (10 mL), and washed with water (3 × 5 mL). The organic phase was separated, dried over MgSO4, and concentrated under vacuum. The residue was purified by flash chromatography on silica gel using hexane or a mixture of ethyl hexane/acetate (99:1) as the eluent.
Analytical Data of Products 3a-k, 6a-h and 7a,b 
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General Procedure for the Synthesis of Unsymmetrical Organochalcogenides under MW Irradiation
A mixture of aryl boronic acid (0.5 mmol), dichalcogenide (0.25 mmol), CuI (3 mol %, 1.5 mg), and DMSO (3 equiv., 59 mg) was placed in a glass tube. The tube was sealed with a pressure lock and the mixture was heated in air at 100 • C for 15 min with the aid of an initial MW irradiation of 100 W in a CEM Discover MW reactor. When the reaction was finished, the crude mixture was cooled to room temperature, diluted with ethyl acetate (10 mL), and washed with water (3 × 5 mL). The organic phase was separated, dried over MgSO 4 , and concentrated under vacuum. The residue was purified by flash chromatography on silica gel using hexane or a mixture of ethyl hexane/acetate (99:1) as the eluent.
Conclusions
In summary, we have developed a straightforward method for the preparation of unsymmetrical diorganyl chalcogenides (S, Se and Te), under solvent-and ligand-free conditions. Remarkably, copper iodide was found to be a highly efficient catalyst for this cross-coupling reaction, affording the desired products in very high yields in the absence of solvent under microwave irradiation. Of particular importance, this new metal-catalyzed process showed good potential applicability within a very broad scope, without the need for the use of ligands or solvents. It appears that the chemistry described herein characterizes a useful alternative approach to the synthesis of organochalcogen compounds through a copper-catalyzed processes.
Supplementary Materials: Copies of the 1 H-and 13 C-NMR spectra are available online.
